







$EVWUDFW&DWHJRULFDO GDWD FOXVWHULQJ &'& DQG OLQN FOXVWHULQJ /&KDYHEHHQ FRQVLGHUHG DV
VHSDUDWH UHVHDUFK DQG DSSOLFDWLRQ DUHDV 7KH PDLQ IRFXV RI WKLV SDSHU LV WR LQYHVWLJDWH WKH
FRPPRQDOLWLHVEHWZHHQWKHVHWZRSUREOHPVDQGWKHXVHVRIWKHVHFRPPRQDOLWLHVIRUWKHFUHDWLRQ
RI QHZ FOXVWHULQJ DOJRULWKPV IRU FDWHJRULFDO GDWD EDVHG RQ FURVVIHUWLOL]DWLRQ EHWZHHQ WKH WZR
GLVMRLQW UHVHDUFK ILHOGV 0RUH SUHFLVHO\ ZH IRUPDOO\ WUDQVIRUP WKH &'& SUREOHP LQWR DQ /&








&OXVWHULQJ W\SLFDOO\ JURXSV GDWD LQWR VHWV LQ VXFK D ZD\ WKDW WKH LQWUDFOXVWHU VLPLODULW\ LV
PD[LPL]HG ZKLOH WKH LQWHUFOXVWHU VLPLODULW\ LV PLQLPL]HG 7KH FOXVWHULQJ WHFKQLTXH KDV EHHQ
H[WHQVLYHO\ VWXGLHG LQ PDQ\ ILHOGV VXFK DV SDWWHUQ UHFRJQLWLRQ >@ FXVWRPHU VHJPHQWDWLRQ >@
VLPLODULW\VHDUFK>@DQGWUHQGDQDO\VLV>@ 




FLUFOH UHFWDQJOH HOOLSVH HWF'XHWRWKHVSHFLDOSURSHUWLHVRIFDWHJRULFDODWWULEXWHVWKHFOXVWHULQJ
RI FDWHJRULFDOGDWDVHHPVPRUHFRPSOLFDWHG WKDQ WKDWRIQXPHULFDOGDWD$IHZDOJRULWKPVKDYH
EHHQSURSRVHGLQUHFHQW\HDUVIRUFOXVWHULQJFDWHJRULFDOGDWD>@
&RRFFXUUHQFHGDWD LV DQ LQFUHDVLQJO\ LPSRUWDQW DQG DEXQGDQW VRXUFHRIGDWD7KLV W\SHRI
GDWDKDV ORQJEHHQ LPSRUWDQW LQ WKH VRFLDO VFLHQFHVPDUNHWLQJ DQG WKHJRYHUQPHQW LQWHOOLJHQFH
FRPPXQLW\>@ ,QRQHJHQHUDOIRUPWKHLQSXWFRQVLVWVRIDVHULHVRIOLQNV (DFKOLQNLVDVHWRI
HQWLWLHV WKDW KDYHEHHQ MRLQHGE\ VRPH HYHQW RU UHODWLRQ /LQN&OXVWHULQJ /& DWWHPSWV WR ILQG









RWKHUZLVH EH FRQVLGHUHG LQFRPSDWLEOH 7KDW LV RXU ILUVW FRQWULEXWLRQ LV WKH H[SORUDWLRQ RI
XQGHUO\LQJSURSHUWLHVVLPLODULWLHVDQGGLIIHUHQFHVEHWZHHQ&'&DQG/&ZKLFKFUHDWHVWKHEDVLV
IRUWKHSURSRVDORI/&EDVHGFOXVWHULQJDOJRULWKPVIRUFDWHJRULFDOGDWD
2XU VHFRQGFRQWULEXWLRQ LV WKHGLUHFW DGDSWDWLRQDQGXVHRI/&PHWKRGRORJ\ IRUFOXVWHULQJ
FDWHJRULFDOGDWD:HIRUPDOO\GHILQHWKH&'&SUREOHPDVDQ/&SUREOHPDQGDSSO\/&DSSURDFK
IRUFOXVWHULQJFDWHJRULFDOGDWD2XUH[SHULPHQWDOUHVXOWVVKRZWKHQHZFDWHJRULFDOGDWDFOXVWHULQJ
PHWKRGV WR DFKLHYH EHWWHU FOXVWHULQJ DFFXUDF\ WKDQ SUHYLRXV DOJRULWKPV ZKLFK FRQILUPV RXU
















WKH FDWHJRULFDO GDWDEDVHV FDQ EH FOXVWHUHG $QRWKHU UHFHQW UHVHDUFK >@ VKRZV WKDW WKH NQRZQ





PLQLPL]H WKH FOXVWHULQJ FRVW IXQFWLRQ %DVHG RQ NPRGHV DOJRULWKP >@ SURSRVHV DQ DGDSWHG
PL[WXUH PRGHO IRU FDWHJRULFDO GDWD ZKLFK JLYHV D SUREDELOLVWLF LQWHUSUHWDWLRQ RI WKH FULWHULRQ




,Q >@ WKH DXWKRUV LQWURGXFH D QRYHO IRUPDOL]DWLRQ RI D FOXVWHU IRU FDWHJRULFDO GDWD E\
JHQHUDOL]LQJ D GHILQLWLRQ RI FOXVWHU IRU QXPHULFDO GDWD $ IDVW VXPPDUL]DWLRQ EDVHG DOJRULWKP
&$&786 LV SUHVHQWHG &$&786 FRQVLVWV RI WKUHH SKDVHV VXPPDUL]DWLRQ FOXVWHULQJ DQG
YDOLGDWLRQ
52&.DQDGDSWDWLRQRIDQDJJORPHUDWLYHKLHUDUFKLFDOFOXVWHULQJDOJRULWKPLVLQWURGXFHGLQ
>@ 7KLV DOJRULWKP VWDUWV E\ DVVLJQLQJ HDFK WXSOH WR D VHSDUDWHG FOXVWHU DQG WKHQ FOXVWHUV DUH
PHUJHGUHSHDWHGO\DFFRUGLQJWRWKHFORVHQHVVEHWZHHQFOXVWHUV7KHFORVHQHVVEHWZHHQFOXVWHUVLV
GHILQHG DV WKH VXP RI WKH QXPEHU RI ³OLQNV´ EHWZHHQ DOO SDLUV RI WXSOHVZKHUH WKH QXPEHU RI
³OLQNV´LVFRPSXWHGDVWKHQXPEHURIFRPPRQQHLJKERUVEHWZHHQWZRWXSOHV
,Q >@ WKH DXWKRUV SURSRVH WKH QRWLRQ RI ODUJH LWHP $Q LWHP LV ODUJH LQ D FOXVWHU RI
WUDQVDFWLRQV LI LW LV FRQWDLQHG LQ D XVHU VSHFLILHG IUDFWLRQ RI WUDQVDFWLRQV LQ WKDW FOXVWHU $Q




WD[RQRP\ LQ SHUIRUPLQJ FOXVWHU DQDO\VLV:KLOH WKHZRUN >@ SURSRVHV DQ DOJRULWKPEDVHG RQ
³FDXFXV´ ZKLFK LV ILQHSDUWLWLRQHG GHPRJUDSKLF JURXSV WKDW LV EDVHG WKH SXUFKDVH IHDWXUHV RI
FXVWRPHUV 




&22/&$7 DQ HQWURS\EDVHG DOJRULWKP IRU FDWHJRULFDO FOXVWHULQJ LV SURSRVHG LQ >@
6WDUWLQJIURPDKHXULVWLFPHWKRGRI LQFUHDVLQJWKHKHLJKWWRZLGWKUDWLRRI WKHFOXVWHUKLVWRJUDP






.XELFD HW DO SUHVHQWHG WKH JURXS GHWHFWLRQ DOJRULWKP *'$ ± DQ DOJRULWKP IRU ILQGLQJ
XQGHUO\LQJ JURXSLQJV RI HQWLWLHV IURP FRRFFXUUHQFH GDWD >@ 7KLV DOJRULWKP LV EDVHG RQ D
SUREDELOLVWLF JHQHUDWLYH PRGHO DQG SURGXFHV FRKHUHQW JURXSV WKDW DUH FRQVLVWHQW ZLWK SULRU
NQRZOHGJH
,Q>@.XELFDHWDOSUHVHQWNJURXSVDQDOJRULWKPWKDWXVHVDQDSSURDFKVLPLODUWRWKDWRI








&OXVWHULQJ DLPV DW GLVFRYHULQJJURXSV DQG LGHQWLI\LQJ LQWHUHVWLQJSDWWHUQV LQ D GDWDVHW:H
FDOODSDUWLFXODUFOXVWHULQJDOJRULWKPZLWKDVSHFLILFYLHZRI WKHGDWDDFOXVWHUHU (DFKFOXVWHUHU
RXWSXWV D FOXVWHULQJ RU ODEHOLQJ FRPSULVLQJ WKH JURXS ODEHOV IRU VRPH RU DOO REMHFWV /LQN
&OXVWHULQJ /&DWWHPSWV WR ILQGXQGHUO\LQJJURXSVRI HQWLWLHVJLYHQ OLQNDQGGHPRJUDSKLFGDWD
>@
&RQVLGHUWKHGDWDVHW;  ^[ [« [Q` EHDVHWRIREMHFWVGHVFULEHGE\U FDWHJRULFDODWWULEXWHV
$ «$U ZLWKGRPDLQV'«'U UHVSHFWLYHO\7ZRURZVW DQGX DUHHTXLYDOHQWZLWKUHVSHFWWRD
JLYHQ DWWULEXWH$L LI W >$L@   X >$L@ ,QIRUPDOO\ ZH FDQ VD\ WKDW W DQG X DUH ³OLQNHG´ E\ WKHLU
FRPPRQDWWULEXWHYDOXHVRQ$L
)XUWKHUPRUHDQ\DWWULEXWH$L SDUWLWLRQVWKHURZVRIWKHUHODWLRQLQWRHTXLYDOHQFHFODVVHV:H
GHQRWH WKHHTXLYDOHQFHFODVV RI D URZ ;W ZLWK UHVSHFW WRD JLYHQ DWWULEXWH$L E\
L$
W@>  LH





)URP WKH YLHZSRLQW RI /& HDFK VHW LQ
L$
S LV D OLQN 7KHUHIRUH ZH FDQ HPSOR\ H[LVWLQJ /&
DOJRULWKPVIRUVROYLQJWKH&'&SUREOHP
0RUHIRUPDOO\IRUWKH/&SUREOHPWKHLQSXWGDWDLVDVVXPHGWRFRQWDLQ13 XQLTXHHQWLWLHV
:HGHQRWHWKHVHWRIDOOHQWLWLHVDV [ DQGDVLQJOHHQWLW\DV [LH  7KHLQSXWGDWDFRQVLVWVRI1/
OLQNVHDFKRIZKLFKLVDVXEVHWRIHQWLWLHV$VLQJOHOLQNLVGHQRWHG [L/ DQGFRQWDLQV __ L/
HQWLWLHV7KHHQWLUHVHWRIOLQNVLVGHQRWHGDV/' )LQDOO\ZHDUHDWWHPSWLQJWRILQG. JURXSV:H
GHQRWH D JURXS DV [LJ DQG WKH VHW RI DOO FXUUHQW JURXSV DV* +HQFHZH FDQ WUDQVIRUP WKH
&'&SUREOHPLQWRD/&SUREOHPDVIROORZV 
/HW `^ Q [ 
13 _;_  Q
`_^ UL/
L$'
  SO 
__ '/ /1  





([DPSOH 7DEOH  VKRZV D FDWHJRULFDO WDEOHZLWK  UHFRUGV HDFK GHVFULEHG E\  FDWHJRULFDO
DWWULEXWHV 2QO\ FRQVLGHULQJ ³$WWULEXWH ´ ZH FDQ JHW WKH SDUWLWLRQ ^ `
6LPLODUO\ ³$WWULEXWH ´ JLYHV D SDUWLWLRQ DV ^  ` 7KXV FOXVWHULQJ WKLV
FDWHJRULFDOGDWDFDQEHWUDQVIRUPHGDVD/&SUREOHPDV
`^ [  13 _;_   
















WKLV VHFWLRQZHERUURZ WKH LGHDRI OLQNFOXVWHULQJ >@ WR VROYH&'&SUREOHPDQGGHVFULEH
WKRVH/&EDVHGDOJRULWKPVIRUFOXVWHULQJFDWHJRULFDOGDWD
.XELFDHWDO>@SUHVHQWHG*'$DQGNJURXSVDOJRULWKPVERWKRIZKLFKLVEDVHGRQD






FDQEHSLFWXUHGDVDVSDUVH .1 3 u PDWUL[ZKHUHWKHFROXPQVLQGLFDWHWKHJURXSVDQGWKHURZV





WZR SDUDPHWHUV IRU HDFK OLQN W\SH WKH SUREDELOLW\ D OLQN RI WKDW W\SH LV FRPSOHWHO\ UDQGRP
LQQRFHQW3,  DQGWKHSUREDELOLW\WKDWDQHQWLW\LQDOLQNRIWKDWW\SHLVQRLVHUDQGRP35 7KHVH
SUREDELOLWLHVFDQEHOHDUQHGRUVSHFLILHGE\WKHXVHU 
7KHDERYHFRPSRQHQWVSURYLGHD UHFLSH IRUJHQHUDWLQJ WKHGDWD IURP WKHPRGHO8VLQJ WKH




















$ FRPSUHKHQVLYH SHUIRUPDQFH VWXG\ KDV EHHQ FRQGXFWHG WR HYDOXDWH RXU PHWKRG ,Q WKLV
VHFWLRQZHGHVFULEHWKRVHH[SHULPHQWVDQGWKHUHVXOWV:HUDQRXUDOJRULWKPRQUHDOOLIHGDWDVHWV


















RI WKH GDWD VHWV ZH XVHG ZH FDQ IRUP D FRQIXVLRQPDWUL[ WR PHDVXUH WKH HIIHFWLYHQHVV RI WKH
DOJRULWKP(DFKHQWU\ L M LQ WKHFRQIXVLRQPDWUL[ UHSUHVHQWV WKHQXPEHURIREMHFWV LQFOXVWHU L
WKDWEHORQJWRWUXHFODVVM )RUDQREMHFWLYHHYDOXDWLRQPHDVXUHZHXVHWKHFOXVWHULQJDFFXUDF\IRU
PHDVXULQJWKHFOXVWHULQJUHVXOWVZDVFRPSXWHGDVIROORZV*LYHQWKHILQDOQXPEHURIFOXVWHUVN
FOXVWHULQJDFFXUDF\U ZDVGHILQHGDVU  Q
DN
L L¦    ZKHUHQ LVWKHQXPEHURIUHFRUGVLQWKHGDWDVHW
DL LVWKHQXPEHURILQVWDQFHVRFFXUULQJLQERWKFOXVWHUL DQGLWVFRUUHVSRQGLQJFODVVZKLFKKDGWKH
PD[LPDO YDOXH ,Q RWKHUZRUGVDL LV WKHQXPEHU RI UHFRUGVZLWK WKH FODVV ODEHO WKDW GRPLQDWHV
FOXVWHUL &RQVHTXHQWO\WKHFOXVWHULQJHUURULVGHILQHGDVH  U
 ([SHULPHQW'HVLJQ

:H VWXGLHG WKH FOXVWHULQJ IRXQG E\ WKUHH DOJRULWKPV RXU DOJRULWKP GHQRWHG DV /&%&'&
/LQN&OXVWHULQJ%DVHG&DWHJRULFDO'DWD&OXVWHULQJ WKH6TXHH]HUDOJRULWKPLQWURGXFHGLQ>@
DQG WKH NPRGHV DOJRULWKP SURSRVHG LQ >@ ,W KDV EHHQ GHPRQVWUDWHG WKDW WKH 6TXHH]HU DQG
NPRGHV DOJRULWKP FDQ SURGXFH EHWWHU FOXVWHULQJ RXWSXW WKDQ RWKHU DOJRULWKPV LQ FDWHJRULFDO
GDWDVHW ZLWK UHVSHFW WR FOXVWHULQJ DFFXUDF\ 7KXV WKH WZR DOJRULWKPV DUH VHOHFWHG IRU WKH
FRPSHWLWLRQ
,QDOOWKHH[SHULPHQWVH[FHSWIRUWKHQXPEHURIFOXVWHUVDOOWKHSDUDPHWHUVUHTXLUHGE\WKH
/&%&'& DOJRULWKP DUH VHW WR EH GHIDXOW 7KH 6TXHH]HU DOJRULWKP UHTXLUHV RQO\ D VLPLODULW\
WKUHVKROGDVLQSXWSDUDPHWHUVRZHVHWWKLVSDUDPHWHUWRDSURSHUYDOXHWRJHWWKHGHVLUHGQXPEHU
RI FOXVWHUV )RU WKH6TXHH]HU DOJRULWKP LI WKHRXWSXWQXPEHURI FOXVWHUV LV VDPH WKHFOXVWHULQJ
DFFXUDF\LVDOPRVWLGHQWLFDO+HQFHZHFDQXVHDQ\VLPLODULW\WKUHVKROGYDOXHWKDWFDQPDNHWKH




7KH/&%&'&DOJRULWKP LV DSUREDELOLVWLF DOJRULWKP VR LWVRXWSXWVZLOOGLIIHU LQGLIIHUHQW UXQV
+RZHYHUZHREVHUYHGLQWKHH[SHULPHQWVWKDWWKHFOXVWHULQJUHVXOWLVYHU\VWDEOHVRWKHFOXVWHULQJ






 6LQFHRXU LPSOHPHQWDWLRQ IRU WKH/&%&'& DOJRULWKP LV EDVHG RQ WKH DOJRULWKPVGHYHORSHGE\.XELFDHW DO>@6R WKH UHDGHUVPD\ UHIHU WR.XELFD¶V OLQNFOXVWHULQJDOJRULWKPV IRUGHWDLOV7KHH[HFXWDEOHSURJUDPRI.XELFD¶VOLQNFOXVWHULQJDOJRULWKPVLVDYDLODEOHDWKWWSZZZDXWRQODERUJDXWRQZHEVKRZ6RIWZDUH
FODVV GLVWULEXWLRQ SURGXFHG E\ WKH WKUHH DOJRULWKPV$V 7DEOH  VKRZV NPRGHV DOJRULWKP DQG
















































2XUPDLQFRQWULEXWLRQ LQ WKLVSDSHU LV WRH[SOLFLWO\VWDWH WKHHTXLYDOHQFHEHWZHHQ WKH&'&
SUREOHP DQG /& SUREOHP IRU WKH ILUVW WLPH DQG SRLQW RXW WKDW DOJRULWKPV GHYHORSHG LQ ERWK
GRPDLQVFDQEHXVHGLQWHUFKDQJHDEO\0RUHRYHUWRYHULI\RXUVWDWHPHQWZHIRUPDOO\VKRZKRZ
WR WUDQVIRUP WKH &'& SUREOHP LQWR D /& SUREOHP DQG DSSO\ /& DSSURDFK IRU FOXVWHULQJ
FDWHJRULFDOGDWD(PSLULFDOHYLGHQFHVVKRZWKDWRXULGHDLVSURPLVLQJLQSUDFWLFH 








>@  9 &DVWHOOL $ 7KRPDVLDQ &6 /L &69' &OXVWHULQJ DQG 6LQJXODU 9DOXH 'HFRPSRVLWLRQ IRU
$SSUR[LPDWH 6LPLODULW\ 6HDUFK LQ+LJK'LPHQVLRQDO 6SDFHV ,(((7UDQVDFWLRQV RQ.QRZOHGJH
DQG'DWD(QJLQHHULQJ
>@ $ 3RSHVFXO * : )ODNH 6 /DZUHQFH / + 8QJDU & / *LOHV &OXVWHULQJ DQG ,GHQWLI\LQJ










6,*02':RUNVKRS RQ 5HVHDUFK ,VVXHV RQ 'DWD 0LQLQJ DQG .QRZOHGJH 'LVFRYHU\ SS 






>@ 0 . 1J - & :RQJ &OXVWHULQJ FDWHJRULFDO GDWD VHWV XVLQJ WDEX VHDUFK WHFKQLTXHV 3DWWHUQ
5HFRJQLWLRQ

























>@ -.XELFD$0RRUH -6FKQHLGHU<<DQJ 6WRFKDVWLF/LQN DQG*URXS'HWHFWLRQ ,Q 3URF RI
$$$,¶SS 
>@ & - 0HU] 3 0HUSK\ 8&, 5HSRVLWRU\ RI 0DFKLQH /HDUQLQJ 'DWDEDVHV 
 +WWSZZZLFVXFLHGXaPOHDUQ0/55HSRVLWRU\KWPO

